Summary. We use the invariants of the two-point correlation function of the seismic moment to investigate the degree of irregularity of an earthquake fault, i.e. to study the rapidity with which a complex fault changes its direction of orientation. The two-point correlation function is a fourth-order tensor which has three scalar invariants in the isotropic case. Although the accuracy of present-day catalogues of fault plane solutions is rather low for our purpose, nevertheless the invariants of these correlation tensors confirm the generally accepted idea that individual earthquake sources are concentrated in a plane-like region at the beginning of a rupture event. During the later phases of a rupture the degree of non-planarity increases. We do not find any evidence for the existence of other types of sources, such as continuous volume distributions or linear distributions of sources.
Introduction
The quantity of traditional fault plane and moment tensor solutions is now sufficiently great that we can undertake a study of the correlation of the focal mechanisms of individual earthquakes to see if it can yield information regarding the spatial orientations of the microfeatures that make up a fault system. We assume that the fault-plane solutions for individual earthquakes give evidence for the variations in alignment of the respective fracture surfaces and hence in the orientation of portions of an extended fault system.
In a preceding paper (Kagan & Knopoff 1985) we have discussed the one-point (or first-order) statistical properties of the seismic moment tensor. Our point of departure for that problem was to assume that an ensemble of slightly randomly misaligned double couples will have a statistical distribution that can also be interpreted as having a large component of aligned double couples and a small component of compensated linear vector dipoles (CLVD). If we disregard the orientation of the coordinate system, the first-order statistical moment of the normalized traceless source has a rather simple structure with one degree of freedom, which permits us to study the size of the CLVD component in a complex source, in principle. However, in the above study we could not provide an answer to the important questions of the temporal and spatial relationships among the individual elementary sources comprising the extended fractures.
There were two reasons for this: (1) as indicated in Kagan & Knopoff (1985) , the accuracy of modern catalogues of seismic moment tensor solutions is too low to determine unambiguously the CLVD component in almost all of the natural earthquakes; (2) in principle the one-point statistical moment does not depend on the time and distance intervals between pairs of events. Thus the above problem can only be studied in an indirect way, by the above procedures.
In this paper we study the second-order (or two-point) statistical moment of the seismic moment tensors of the individual events which describes the spatial and temporal relationships between pairs of earthquakes, and therefore provides greater insights into these relationships than does the first-order moment. The two-point statistical moment is a fourth-order tensor function of time and space variables. To investigate it effectively, we must learn how to take into account the symmetry properties of the tensor as well as to restrict the properties of the tensor by imposing conditions of temporal stationarity on the seismicity, as well as of homogeneity and isotropy in space (see Kagan & Knopoff 1985) . We have found it convenient to describe the focal mechanism solutions in terms of their seismic moment tensor representations and that point of view will be developed in this paper as well.
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Two-point tensor correlation function
The correlation functions of a stochastic field are the equivalents of the moments of a statistical distribution. The two-point correlation function of the tensor-valued field of seismic moment tensor density can be defined as (cf. Baryshnikov & Shermergor 1970; Shermergor 1977; Kroner 1972 Kroner , 1981 ).
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( 1) where m and n are seismic moment tensors measured at two points (rl, r2) and two instants of time ( t l , tz) and r = rl-rz; t = t 2 -t z . The brackets indicate that a statistical (ensemble) average has been taken. Because of the symmetry of mii and the interchangeability of m and n in the product (l), the fourth-order tensor M has the same symmetries as a tensor modulus of elasticity. Without any further simplifications the tensor M has 21 degrees of freedom. Batchelor (1960, p. 42) , Monin & Yaglom. (1975, para. 12.4 ) and others have shown that the correlation tensor M can be written in terms of five scalar (invariant) functions for an isotropic medium. For traceless seismic moment tensors (m, n) there are only three independent scalar functions (Beran 1968, p. 218) . We select the three independent quantities to be the three bilinear invariants of m and n (Lumley 1970, p. 182; Monin & Yaglom 1975, para. 12. 2):
(2) where gi=ri/]rl are the direction cosines of r. If m=n, then J3=-2Z2, where I2 is the second invariant of the seismic moment tensor (Kagan & Knopoff 1985) ; we define the quantity Z2 in the next section. ThusJ3/(-Zz) is a dimensionless measure of the coherence of the two tensors. If J3/(-Z2)=2 the tensors are equal and coherent, if J3/(-Z2)= -2, they are anticoherent, and if J3/(-Zz)=O they are incoherent.
After some manipulations, we can express the correlation tensor in terms of these invariants:
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3 Two-point correlations for theoretical and synthetic data For pedagogic purposes, we calculate the values of the two-point correlation tensor for several simple spatial distributions of the seismic moment tensor. Some of these distributions have been mentioned in the geophysical literature as possible models for the earthquake source region, while others were chosen simply because it is relatively easy to compute the invariants for them. We can use these results later for the purposes of comparison between synthetic and seismological data. In these computations we take the scalar seismic moment of an earthquake, i.e. the norm of the seismic moment tensor, to be a constant; the elementary sources will be considered to be distributed uniformly according to a Poisson distribution, over a three-dimensional Euclidean space R3 or its two-dimensional or one-dimensional subspaces.
The method of calculation is illustrated for the example of perfectly parallel doublecouple sources, distributed uniformly randomly in R3. The eigenvalues of the double couple are (1, -1, 0 Because we consider here only spatially coherent sources, J3=A1A1+AJ2=2. To calculate J1, we compute the average of (1) by integration over the unit sphere. We obtain
J Q
To calculate J 2 we first evaluate
then integrate Qimiimikpk over the unit sphere to get J2=2/3.
In Tables 1 and 2 we tabulate the results of the computations for different orientations of source mechanism. For example, a uniform continuous distribution of sources in three dimensions has values of the invariants that are the same for double-couples and for compensated linear vector dipoles (CLVDs). The fourth-order correlation tensor in these cases is The model of an earthquake source region used most often is that of a plane earthquake fault. This case is illustrated in the first column of the calculations for planar distributions in Table  1 , where we have takenx2=0 to be the fault plane andxl to be the direction of slip; for this model For linear distributions all rotations around the xl-axis are equivalent. J1=O . The important lesson to be learned from Tables 1 and 2 is that the relative sizes of the three invariants provide the means for discrimination among various source models, at least in the noise-free cases.
Next we determine the two-point (fourth-order) correlation tensor for a synthetic earthquake fault, simulated according to the model described in Kagan & Knopoff (1981) and Kagan (1982) . We summarize the procedure as follows: We assume that a complex earthquake is composed of the sequential rupture of a number of elemental earthquake events. All of the elemental events are of the same size. The time sequence of the elemental events is determined by the rule that says that the probability that a parent give birth to an offspring in the time interval between t and t+ dt following its own birth is
where the coefficient x is chosen so that the probability that a given parent give birth to one offspring in infinite time after its own birth, and 0 is close to ?h (Kagan & Knopoff 1981) . Because of the Monte Carlo nature of the simulation, some parents are sterile and some give birth to more than one offspring. For the spatial sequence of the above events we imagine that each elemental fracture occurs on a circular disc. The centres of the offspring discs lie on the boundary edge of the parent. The directions of successive centres and the angular deviations between the planes of successive discs are chosen to be small but so that the collection of discs has the character of an almost-plane surface. Individual complex earthquakes are defined when the time rate of occurrence of the events is greater than a certain pre-selected threshold. The details of the calculation are outlined in the above papers. It suffices to indicate here that we have had considerable success at developing synthetic catalogues of earthquakes with the above stochastic procedures that simulates well all of the statistical properties of seismicity we have been able to identify thus far.
To study the correlation tensor for the synthetic sequences, we take a sample of lo4 elementary events from the sequence, and compute the seismic moment tensor of those elementary sources (Kagan & Knopoff 1985 Ail entries should be multiplied by W 3 . (.) means that there are less than 10 event pairs in this time-distance interval.
bounds are 4 yr and 26 km. In Table 3 six successive intervals of the time variable are merged to form a single unit, with a multiplicative step of 8 for each interval; the same procedure for distance yields a step of z3/'. The numerical values in Table 3 appear to be changing in some complicated way, even if the statistical fluctuations were to be removed.
In dealing with real earthquake data, large errors in the determination of both the fault-plane solutions and the hypocentral coordinates cause much larger fluctuations in the entries in the space-time plots than those shown in Table 3 . The number of degrees of freedom available to us for interpretation is so small that we plot these distributions only as functions of time, independent of the spatial distributions, or as functions of space, independent of the temporal distributions, in the rest of this paper. These distributions are called marginal in the statistical literature. (At this point in the paper, we drop the adjective bilinear from the description of the invariants J 1 , J2 and J3 at the risk of introducing some confusion with the ordinary invariants of the seismic moment tensor Zl, Z2 and 13. We trust that this will not cause any inconvenience to the reader, since we may assume that the seismic moment tensors have been normalized to unit second invariant Z2.)
In Figs 1-4 we have plotted the marginal distributions of time and space projections for our simulated catalogues. In Fig. 1 we show the dependence of the invariants on distance in the simulations. The values of invariant J3, which measures the spatial coherence of a source region, are close to 2, which indicates almost complete coherence for short range. As can be seen from Table 1 the value of J3 is not an appropriate diagnostic to identify the geometry of faulting. However, the values of J1 and J2 at short range identify the source for this model possibly as that of a volume distribution of almost parallel plane fault segments instead of the conventional extended plane.
We propose, tentatively, that the decrease in J2 and J3 is connected with a decrease in the coherence at large distances. As will be seen below, the random rotation of a deviatoric tensor reduces all of the invariants by some multiplicative factor. Our proposal is buttressed by the similarity of the behaviour of both invariants in the time-displays of Fig. 2 (b, c). Fig. 2(c) and Table 3 show that the coherence of elementary sources as measured by J3, decreases with an increase of both distance and time.
The decrease of J1 in Fig. 1 arises for a different reason. At short range J1 differs substantially from zero, while for larger distances, J1 is close to zero. Since the value of the first invariant should be equal to zero for a planar model of earthquake shear sources (Table l) , we conclude that the simulated fault is a close approximation to a plane for large distances, at least at the maximum time-scales we are considering here. However, for small distances the simulated fault is distinctly non-planar. One possible explanation is that, while an earthquake fault has long-range plane features, at smaller distances each microsource is surrounded by other microevents which are located in a complicated system of subsidiary faults, en Cchelon patterns, etc. Alternatively, it might be that this result is an artefact of our failure to take into account appropriately the natural symmetry of earthquake fault systems: in the isotropic case, dislocations orthogonal to the principal fault direction are taken as being coequal with dislocations lying along the fault-plane. This symmetry, which is built into our model (Kagan 1982) , is very likely not present in real earthquake faults.
The time-display plots for J1 (Table 3 and Fig. 2a ) are consistent with the above conclusions. For small time intervals, the fault is almost planar, i.e. Jl-O; but as time increases, the degree of non-planarity also increases, especially for spatially close events. The value of the first invariant at the largest time interval is not much different from that for a uniform three-dimensional distribution, which is J1'4/5. In Fig. 1 we integrate J1 over all time intervals, thus the average value of this invariant is significantly higher for small distances than for large distances. It is possible that as the rupture process continues, the value of J , would also increase for large distance intervals as well.
We surmise that the physical cause of the increase with time of the non-planarity at short range, is that in order for elementary events to occur after a long time interval in almost the same place, a rupture must propagate some distance away from the reference point, and then return back. Most probably, as we mentioned above in this section, this new fracture will be very slightly disoriented, almost parallel to the 'old' fault surface, so spatial coherence will be high, but it will be separated from the old fault by some, possibly small, distance. In this case the value of invariant J3 would be only slightly less than two, but the value ofJl would differ significantly from zero, thus indicating a strong non-planarity of the extended source, as we have observed for short range.
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The results for the time-distance dependence of invariants J2 and J3 (Fig. 2b, c) seems to confirm the above interpretation. The value of the second invariant increases for small distances and approaches the value of 7 3 appropriate for volume sources (Table 1) , whereas the curves for larger distances are essentially stable. The third invariant (Fig. 2c) does not show any specific time-distance dependence; all three curves are parallel. We note here that large random fluctuations of the curves in all three plots (Fig. 2a, b, c) for the largest time intervals, around 100-1000day, are caused by end effects in our procedure of simulation and correlation estimation. The number of event pairs with those time intervals is much smaller than that for the smaller time intervals, and thus the fluctuations are much greater.
We hypothesize that the non-planar features of earthquake faults that we have identified correspond to the familiar asperities or barriers of earthquake fault models: We find that these asperities are very rare in the initial stages of a development of an earthquake fault, but their number increases in the later stages. Similar ideas have been proposed recently by King & Yielding (1984) .
We cannot compare directly the results of this section with similar results for catalogues of real earthquakes, because the latter data are strongly influenced by at least two different species of errors. Before discussing the results for real catalogues we consider how these errors are likely to influence the results.
Location and orientation error analysis
We calculate the influence of (1) random location errors and (2) disorientation errors on the two-point tensor correlation function. We can envision the latter errors as a random rotation of the eigenvector trihedron connected with the seismic moment tensor. In our models, we will take these errors to be statistically uncorrelated from one earthquake event to another. We use the catalogues of fault-plane solutions available to us, which perforce contain both types of errors, as well as synthetic sequences which are error-free, and then perturb the hypocentre coordinates and the directions of the eigenvectors. Then we determine the values of all of the three invariants, and compare these invariants with those obtained before the errors were introduced.
The case of rotation errors, i.e. errors in the fault plane solutions assuming that hypocentral location is not a factor, is the simplest of the two problems. A technique for performing random, independent rotations of the deviatoric tensor has been described in Kagan & Knopoff (1985) . For example, we write the third invariant in the rotated coordinates as (equation 2)
where R is a random orthogonal matrix corresponding to a Fisher-type rotational distribution (see Kagan & Knopoff 1985, appendix) with the parameter set equal to o. From (2) for m = n , J3=-2Z2. For small values of 0, we have J p 2 -(1 -2202).
(3)
We obtain identical equations for J 1 and J2 from equations (7) and (11) in Kagan & Knopoff (1985) . The result of this rotation is the same for all of the invariants. For example, for o= 0.1, the values of all three invariants are reduced by about 22 per cent. From equations (10) and (11) in Kagan & Knopoff (1985) , this value of o corresponds to a rotation angle of about 25".
For small values of 0, the product of two random 'Gaussian' rotations is equivalent to one rotation with the sum of the values of 02
For larger rotations the additivity property is not as precise. For example, for five consecutive rotations with 0=0.1, we obtain, using (3) Thus, the consequence of the presence of rotation errors is simple: all of the invariants are diminished by the same multiplicative factor, a result which has been confirmed by direct simulation.
The influence of location errors on the correlation tensor is not as simple. To study it, we shift the foci of the events in our synthetic sequence randomly. In Table 4 we show the differences between the values of the invariants between the shifted and unshifted runs for the synthetic catalogue; we use the same format as in Table 3 . In the simulation we have used a translation vector whose components are a normally distributed random variable with standard deviation or = 0.1.
The third invariant, J3, is dependent only on the coherence of the two sources; thus, location errors should not influence it directly. The small differences in the J3 values given in Table 4 may be due to the shift of close 'neighbours' of a source out of one bin and into another. Thus, the high values of J3, which correspond to almost perfect coherence of nearest neighbours, are 'diluted' by the influence of the pairs of more distant (and more incoherent) hypocentres. According to Fig. 2 (c) the incoherence increases with time; we see that the negative difference for small spatial intervals in Table 4 also increases with time.
The results for the first and second invariants may be understood if we recall that the distribution of randomly shifted foci becomes three-dimensionally uniform for distances &ur.
The values of the invariants in Tables 1 and 2 are tabulated for a uniform spatial distribution of sources. In Table 4 and Figs 4 and 5 we see that the greatest magnitude of the difference is close to the differences between the values J1=%5 and J2=2/3 for a uniform distribution and J1=O, J2= Y2 for a planar distribution which were found in Table 1 .
There are a few indirect effects to be mentioned. As noted in Section 2, the first invariant increases with the time interval between pairs of events; thus fluctuations in the first invariant are not a major feature of Fig. 3 where the contributions of all of the time intervals are averaged. Further, for large distances rS>ur, the effect of location errors becomes small, even if the hypocentres are translated randomly. But since an earthquake fault zone is closely approximated by a plane at large distances, the differences for all of the invariants are close to zero (Figs 3, 4 and 5) at large distances of separation between pairs of events. The net result of the influence of random location errors is profound for synthetic fault sequences: the first invariant J1 (Fig. 4) actually decreases instead of increasing with time. We will see that this behaviour of the first invariant is indeed observed for most of the catalogues of real earthquakes that we have studied where location errors are likely to have an important influence.
Descriation of catalogues
We use two local, two regional and two world-wide catalogues of focal mechanisms of earthquakes (see Table 5 ). Of these, the Harvard Event-File makes use of inversion of seismograms to obtain the seismic moment tensor (Dziewonski, Chou & Woodhouse 1981; Dziewonski & Woodhouse 1983) ; these are reported in the PDE. The other catalogues were classical fault-plane solutions using P-wave first motions. The earthquake source in these latter solutions is constrained to be a double-couple; there is no such constraint in the seismic moment inversion method. However, in view of present-day accuracies we used the double-couple part of the solution given in the Harvard catalogue.
We have used the portion of the Harvard catalogue that spans the interval 1981 January 1 to 1982 May 31; this catalogue segment includes 309 solutions, of which 236 are shallow events (h570 km) and 73 are intermediate and deep earthquakes ( h 2 7 1 km). For the sake of brevity throughout this paper, all earthquakes with hB71 km are identified as deep events. To compare the results from Hurvurd with other catalogues, we converted scalar seismic moments Mo to magnitudes M,, through the formula proposed by Kanamori (1977) :
M,=%. (lOgloM0-16.1).
The Dominion Observatory catalogue, 1922 -62 (Wickens & Hodgson 1967 ) is a collection of world-wide focal mechanism solutions, obtained by various authors and then recalculated and re-examined. Because of the variability of the yearly numbers of events in the catalogue, we keep only earthquakes in the interval 1950-62. In the case that several solutions due to different authors are quoted for a given earthquake, we chose the last one in the list; often this is an average of all of the then available solutions. We deleted two solutions from the list for which Table 5 . Catalogues of focal mechanism and seismic moment tensor.
Catalogue
Years Type name
Coyote
1969-1981
Eastbay
1969-1979
Japan
19@ 1978
Dominion
1950-1962
Denham
1962-1973
Harvard epicentral data were not available and two solutions that refer to a possible multiple event. We also deleted aftershocks of the Kern County earthquake of 1952 with MC5.5 to avoid biasing the data set. The residual catalogue contains 289 shallow events (hS70km) and 133 deep earthquakes (hZ71 km).
1981-1982
FPS
The Western Pacific-Indonesian catalogue (Denham 1977 ) covers the period 1929-73; we analyse the part of the catalogue covering the interval 1963-73 since we deem this portion to be temporally homogeneous. In most of the cases, the solutions were calculated manually; this is probably the reason for the relatively high rate of easily detectable errors. We excluded 62 solutions from the catalogue with angle between P-and T-axes less than 84" (they should be orthogonal for a double-couple). We also deleted 'repetitious' earthquakes, i.e. events which have either the same origin time or an origin time differing less than -90s from another event. Nine hundred and seventy-one events remain in this catalogue, of which 534 are shallow events (h570 km) (448 have magnitudes 25.0), and 437 are deep earthquakes (hZ71 km) (290 have M Z 5 . 0 ) .
We deleted the early non-homogeneous part (1926-59) of the Japan catalogue 1926-78 (Ichikawa 1971 (Ichikawa , 1980 . Magnitudes for this catalogue are not available. Most of these are computer solutions, although some determinations from other authors are by graphic methods (Ichikawa 1971, p. 218) . We deleted eight solutions with P-and T-axes which are non-orthogonal. One thousand and thirty-six solutions remain for shallow earthquakes, and 415 for deep (A271 km) earthquakes.
The two local catalogues are the product of the USGS dense seismographic network which has been operated continuously since 1969 in Central California. These catalogues are (1) the Coyote Lake catalogue (Reasenberg & Ellsworth 1982) of seismicity preceding the Coyote Lake earthquake of 1979, plus the main shock and its aftershocks; and (2) the Eastbuy area catalogue . We used the 288 events with magnitudes MLZ1.5 in Coyote for the years 1969-81. Eastbay has 553 entries for the years 1969-79 with Because catalogues of focal mechanisms are not as extensive as the catalogues of earthquakes hypocentres and origin times, we cannot apply to the former the same strict criteria of ML B 1.5. homogeneity over time, space and magnitude, as we have to the latter (see Kagan &Knopoff 1980b and references therein). Nevertheless, we hope that the results obtained with the catalogues listed above will provide at least a qualitative hint of what may be expected of the catalogues of seismic moment tensor solutions of the future.
Two-point correlations for earthquake data
We have computed the two-point isotropic invariants for the six catalogues of fault-plane solutions. The technique of calculation was similar to that used in the analysis of synthetic catalogues (see Section 3): We first calculate the components of the P-and T-axes of the double-couple solution, and then we calculate the seismic moment tensor using (Kagan & Knopoff 1985) .
For local catalogues, we proceed to calculate the invariants according to equation (2). For regional and world-wide catalogues, the spherical geometry has to be taken into account: We determine the azimuth at each end of the great circle arc connecting the two epicentres; then we calculate the components of the P-and T-axes in this system of coordinates and finally calculate the invariants as described above.
The available data are insufficient to permit us to study the magnitude dependence of the invariants in detail. A sketchy analysis shows that the results for the two-point invariants probably do not depend on the magnitude of an earthquake, a result that is similar to that obtained in our study of hypocentre distributions (Kagan & Knopoff 1980a; Kagan 1981a, b) . Thus, in the results to be described below, we report average values of the invariants without regard to the magnitude of the source.
The accuracy of fault-plane solutions varies from catalogue to catalogue. The errors in individual fault-plane solutions have been discussed by several authors (Knopoff 1961; Brillinger, Udias & Bolt 1980) and in seismic moment tensor determinations as well (Stump & Johnson 1977; Patton & Aki 1979; Dziewonski et al. 1981) . In this paper we are concerned with the average uncertainties among a collection of earthquake source solutions. These average relative errors can be estimated roughly by the values of the maximum ofJ3 in each of the catalogues (Table 5) . If rotational errors were absent, this maximum would be close to 2.0. Thus the value of J3 gives, in some sense, a measure of the accuracy of the focal mechanism solutions over a full catalogue. An alternative procedure for checking the accuracy is to compare solutions obtained by different methods and/or by different authors, which we have done in two instances: (1) We compared the double-couple solutions of the Harvard catalogue, obtained by seismic moment inversions, with those of the PDE catalogue of fault plane solutions from the first motions of P-waves. The intersection of the two files has 50 solutions for earthquakes with magnitude Ms26.5. The average scalar product J3 of the two sets of solutions is 1.25; in two cases the solutions are almost anticoherent (J3=-2.0). Two solutions of the PDE file have P-and T-axes which are not orthogonal. (2) In Denham there are 169 solutions that have been determined by more than one worker. Of these, 71 earthquakes have substantially the same origin time, and 98 have origin times differing by less than 90 s. The scalar product J3 for the first set is 1.04 and for the second one it is 1. 26 . We see that these values are in general agreement with those of Table 5 . In both cases, the internal consistency is not as good as we might have hoped. Harvard may have a higher accuracy than the PDE catalogues, so that the relatively low value of their scalar product may be attributable in large part to errors in the latter catalogue.
The most accurate catalogues are the two local California catalogues, Coyote and Eastbay. The dependence of the invariants on distance, averaged for these two catalogues, is shown in . Qualitatively, all of the three curves exhibit the same behaviour as those in Fig. 1 which are for a simulated fault. The coherence of the solutions as measured byJ3 decreases with distance; of course, the curves do not have the value of 2.0 for J3 at zero distance in the case of the real catalogues. As indicated above, this is due to errors in the determination of the focal mechanism solutions. The first invariant for the two California catalogues (Fig. 7) shows a marginally significant increase with time at short distances, and the curves for all three distances are similar to those of Fig. 2(a) for synthetic catalogues. The reason that the increase at short range is not as prominent as it is for the synthetic catalogues, may be due to the influence of location errors on the behaviour of J 1 . As shown in Fig. 4 , these errors significantly alter the time-behaviour of J1 because of the time-distance clustering of earthquake foci. Earthquake pairs with short time intervals usually occur at the same place; thus location errors which are independently random cause J 1 to increase from zero, which is appropriate for a plane shear rupture, to values approaching that of a three-dimensional Poisson distribution: J1=%5. To errors on Eastbay (ur=2.0km) and then determined the invariants for the catalogue thus modified. In Figs 8 and 9 we display the differences between the values of the invariants with and without these errors. Because of the large fluctuations of these quantities we display the differences between cumulative values of the invariants, i.e. the values for all distances or times less or equal to the abscissa. We gain in smoothing but, of course, we lose resolution. The total value of the difference is much smaller for the case of real catalogue than those that were obtained for simulated faults (Figs 3 and 4 ) , because Eastbay has had location errors built into it from the beginning. (This is the reason we use different vertical scales for both set of plots.) We see that the general behaviour of both set of curves resembles the displays that were obtained for the simulated faults (Figs 3 and 4) .
We should not expect to find a particularly close correspondence between the invariants calculated from real catalogues and those from the simulations even though we simulate errors of orientation and location in the latter. The errors in real earthquake catalogues are not uniform over the full space and time spans of the catalogues; vertical location errors are usually much larger than horizontal location errors. Orientation errors are also not isotropic, because of the non-uniform distribution of the stations used in the focal mechanism solutions. The analysis of the distributions of the invariants for the two regional and two world-wide catalogues gives results that are consistent with the above remarks. The largest distances in Denham are close to 20000km, so we averaged Denham together with the two world-wide catalogues. The distance dependence of the invariants for the averages of Denham, Harvard and Dominion (Fig. 10) indicates that the fault-plane solutions become largely uncorrelated at distances of about 2000-3000 km. The self-similar character of the spatial distribution of earthquake epicentres was also found to disappear at similar distances (Kagan & Knopoff 1981) . We have postulated that this critical distance corresponds roughly to the mean distance between the triple junctions of the major tectonic plate boundaries. If this explanation is valid, a distance of the order of 2000-3000 km is likely to be one where not only the linear features of the hypocentre distributions disappear but also the parallelism of the fault plane solutions disappear as well. Figure 11 . Dependence of J 1 on time intervals for the Japanese catalogues: 1 -distance intervals 0SrC57 km. 2 -distance intervals 57Cr<228 km. 3 -distance intervals 2285<5166 km. The other invariants ( J 1 and J 2 ) display largely the same behaviour as J3 (Fig. 10) . The reason for this is most probably due to random disorientation of the earthquake source mechanisms, whether due to errors in determination or to natural processes we cannot tell. We have shown above that disorientation errors decrease the values of all of the invariants by the same multiplicative factor.
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The above arguments are consistent with the results of the study of the time-dependence of the invariants for Japan, Denham, Harvard and Dominion. Time plots of these invariants are found to be roughly parallel to one another. The most striking difference in these curves from the expectations derived from the analysis of the synthetic and California catalogues (Figs 1 and 7) , is for the first invariant J 1 (Figs 11 and 12 ). This invariant is larger for small distances and decreases with increasing time. As we have indicated above, this is most probably due to large location errors. Finally, we comment briefly on the results for deeper earthquakes (h271km). The appropriate curves for the invariants, averaged over the three world-wide catalogues (Harvard, Dominion and Denham) are shown in Figs 13 and 14. The small number of earthquakes and the possibly higher level of errors, makes the analysis of these results very difficult. It is clear from Fig. 13 that the correlation distance for deep earthquakes, of the order of 700-800 km, is rather smaller than that for shallow events and may correspond to the mean size of the linear portions of subduction zones.
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There are no apparent temporal correlations among the deeper events (Fig. 14) . In the figure we have displayed only the first invariant; the behaviour of the other two invariants is similar to that for .TI. In the case of shallow seismicity, the correlation with time among the focal mechanisms is completely due to the time-distance clustering of these earthquakes, i.e. due to correlations between aftershocks. Deep earthquakes are not significantly clustered (Kagan & Knopoff 1980b; Prozorov & Dziewonski 1982) at least in sufficient numbers to produce values of the invariants significantly different from zero; the absence of large numbers of aftershocks is one manifestation of the absence of clustering.
The behaviour of all of the invariants for deeper events is similar: the levels of J2 andJ3 are very small (see Fig. 13 ) in comparison with those for shallow earthquakes (Figs 6 and 11) or for synthetic catalogues (Fig. 1) . This may be due to large disorientations of the sources; we cannot identify whether the incoherence is due to large rotational errors in the determinations or whether the deep sources are in reality much less correlated than the shallow ones. The answer to this problem must await the availability of data of better quality and larger quantity.
Discussion
In general the widely accepted model that a shallow earthquake source region is a plane-like volume in which shear failure occurs, is consistent with the values of the two-point invariants studied here. If the three effective orthogonal principal diameters of a source region are d12d&d3, where for a planar region dl=d2*d3, our results allow us to rule out such models of the earthquake source region as a volume source (dl=d2=d3) or a linear source (dl*>d2=d3). Further, the degree of non-planarity of the source, as measured in some sense by d3, increases with time; we have interpreted this to mean that events in the same region at widely separated times, do not necessarily occur on the same fault segment.
The results for 'deep' earthquakes do not allow us to distinguish between different models of the earthquake source; we cannot tell whether the source region of deep earthquakes is plane-like as it is for shallow events, or whether it has some other geometry.
Except for the correlation lengths, which may be connected with the finite size of the tectonic plates, the distance-and time-curves (Figs 6-14) exhibit no characteristic or intrinsic scale. The correlation tensor seems to be scale-invariant, just as we have found for all of the other earthquake temporal and spatial distribution functions we have studied (Kagan & Knopoff 1980a , b, 1981 Kagan 1981a, b) . If we assume that we can extend these properties of geometrical scale-invariance of the earthquake source region to much shorter range, we come to the position that the individual subparts of a complex earthquake whose radiated signals overlap are also geometrically scale invarient. If this hypothesis is correct, then we may anticipate that the structure of the seismogram itself contains information in a statistical (or stochastic) sense about the geometry of an individual source. Although the hypothesis that the signal from a complex earthquake source contains information about the geometrical details of a rupture, our conjecture is that it may be possible to derive the statistical moments of the geometry from the seismic signal itself. This is the subject of investigations other than these.
The importance of statistical theory in the description of the earthquake process, and hence in the assessment of seismic risk, should not be underestimated. When deterministic solutions of earthquake rupture models are given, they should be accompanied by estimates of the influences of uncertainties, i.e. they should be statistical in some sense. We hope that the statistical results we have presented here and elsewhere will be of value in estimating the uncertainties in the conclusions that will be obtained from these deterministic models.
Finally, we note that one purpose of this investigation was to determine if it was necessary to refine our earlier Monte Carlo model of the nature of individual earthquakes and the space-time orientation relations between a collection of earthquakes in a given region. We have found that our present model is also consistent with the focal mechanism aspects of statistical seismicity, in so far as we are able to determine them at this level of analysis.
